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 The purpose of this research was to employ polypropylene fibers into concrete railroad 
crossties to increase its residual structural capacity once the concrete has cracked. The center 
negative flexural cracking is considered as a serious failure mode in concrete railroad crossties, 
which decreases structural capacity and results in safety issues. It also leads to deterioration of 
prestressed concrete crossties and shortens the service life. The post-cracking flexural 
performance of fiber reinforced concrete (FRC) crossties is changed by the inclusion of 
polypropylene fibers. Fracture toughness, cracking resistance, and energy absorption capacity of 
the concrete are improved by incorporating fibers. Furthermore, restriction of crack size extends 
the service life of concrete railroad crossties and thus the maintenance cost decreases. 
 Several tests were conducted to select the most suitable fibers in the following study. Six 
types of polyethylene fiber samples with different elastic modulus, surface texture, length, 
stiffness, and shape were evaluated. The performance of fibers was mainly evaluated by the 
workability of fresh FRC mixture, the compressive strength and the average residual strength 
(ARS) of hardened FRC specimens. The concrete mixture reinforced by Strux 90/40 macro 
polyethylene fibers had the best workability because no balling or clumping issue was found in 
the mixing process. It had the least effect on the reduction of compressive strength of hardened 
FRC specimens. The ARS value also indicates Strux 90/40 fibers can improve post-cracking 
performance of concrete. Therefore, Strux 90/40 macro polyethylene fibers were selected as the 
reinforcement material in this research. 
Flexural performance of full-scaled prestressed plain cement concrete (PCC) crossties 
and FRC crossties was evaluated by center negative bending test and rail seat positive bending 
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test. Load-displacement curves of crossties in flexural tests were recorded. Fracture patterns of 
crossties in the flexural tests were also captured. Based on the experimental results, it was 
confirmed that the prestressed FRC crosstie had a higher fracture toughness. The FRC crosstie 
completely failed at a greater deflection in the flexural test. 
 A numerical method was introduced to predict flexural performance of full-scaled 
prestressed FRC crossties in center negative bending test. The materials element modeling can be 
built based on experimental results from simple four-point bending tests on small FRC beams. 
The materials element modeling was input into an established structural member modeling of 
prototype prestressed crossties in Abaqus. For a given fiber volume fraction, the flexural 
performance of full-scaled prestressed FRC crossties can be simulated by inputting 
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CHAPTER 1: INTRODUCTION 
 
1.1 History of railroad crossties 
Crossties anchored in a ballasted bed of crushed rock are supports for steel rails in 
railroad system. In the early 1830s in Maryland and New Jersey, stone blocks were used as 
crossties in the first railroads in the United States. Due to delay in delivery of stone blocks, wood 
ties from the local forests were considered as substitutes. Low-cost wood crossties provided a 
smoother ride and thus they completely replaced stone crossties. By 1970, over 200,000 miles of 
railroad track had been laid in the United States (Webster 1992). Wood crossties were cheap and 
easy to obtain along the railroad. However, untreated wood crossties had durability issues and 
can only last four to seven years. They must be renewed before deterioration. Therefore, the high 
maintenance fee was a problem. 
The first wildly used concrete crossties in U. S. railroad system was in 1970s (Cloutier 
2014). Over a hundred year after wood crossties were first employed in the railroad system in the 
United States, concrete crossties got attention from civil engineers. Concrete crossties are 
economically competitive substitutes for traditional wood crossties (Lutch et al. 2009). Although 
the initial manufacture cost of concrete crossties is high, maintenance cost is low for the long 
term because of better durability (Raj et al. 2018). The expected service life of concrete crossties 
can be fifty years (Cloutier 2014). Concrete crossties also have higher structural capacity and 
better flexural performance than wood crossties. With the most common practice of pre-
tensioning in concrete crosstie, flexural strength and ductility of prestressed concrete crossties 
are improved. Currently, concrete railroad crossties have become the second most common 
crossties in the railroad system in the North America and the dominant crossties in the whole 
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world (Edwards et al. 2017). for their high structural capacity, long service life, and low 
maintenance costs. 
 
1.2 Problems in concrete crossties 
Deterioration of concrete crossties is ascribed to excessive stress, chemical attack, and 
environmental degradation (Zeman et al. 2009). Excessive center negative bending moment due 
to the absence of ballast support results in cracking of concrete crossties. Alkali–silica reaction 
(ASR) (Mindess et al. 2003), delayed ettringite formation (DEF) (Taylor et al. 2001), and poor 
curing condition can also result in cracking of concrete crossties (Cloutier 2014). Deterioration is 
accelerated in the cracked prestressing concrete crosstie. Chloride ions are easier to penetrate 
concrete through cracks. Corrosion of prestressed steel bars occurs when the passive film breaks 
down if the chloride concentration exceeds a threshold limit (Mohammed et al. 2003). 
Prestressing concrete crossties can not perform as expectancy and their service lives are 
shortened if durability issues arise. 
Center negative flexural cracking is considered as a serious failure mode in concrete 
crossties (Yu et al. 2017). It is also one of the most common factors limiting the service life of 
concrete crossties (Edwards et al. 2017). It often happens in heavy freight railway or rapid transit 
railway. The inadequate support condition due to the absence of ballast is the primary reason to 
the high center negative bending moment (Bastos et al. 2017). A parametric study by Wolf 
(2015) indicates the center bending is very sensitive to support conditions. Design bending 
moments at the crosstie center can be exceeded under small shifts in distribution of the ballast 
reaction. Wolf (2015) measured bending moments in concrete crossties under typical North 
American freight service. It was found that concrete crossties had higher demands in center 
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negative bending than in rail seat positive. González-Nicieza et al. (2006) conducted load plate 
tests to estimate the pressure between concrete crossties and ballast. The result shows that the 
center segment of concrete crossties was subject to notable bending stress. Tensile cracks were 
also observed at the same segment. 
 
1.3 Polyethylene fiber reinforced concrete 
Fiber reinforced concrete (FRC) is a composite consisting of discontinuous fibers 
dispersed throughout concrete matrix. Fibers are not mainly used to improve strength of concrete 
but rather control the cracking of FRC. They alter the flexural behavior of the FRC after 
cracking. The incorporation of fibers into a quasi-brittle cement-based matrix increases the 
fracture toughness of the composite by the resultant crack arresting processes (Beaudoin 1990). 
Fibers act as bridges across the cracked concrete, which prevent propagation of cracks in the 
post-cracking zone. Through debonding or pull-out processes of fibers, fracture energy is 
absorbed and thus fracture toughness of concrete is increased (Bentur and Mindess 2007). 
Restriction of crack size further lessens deterioration rate of concrete (Banthia and Dubey 1999). 
Various types of fibers have been employed in FRC structures, such as steel fiber, 
mineral fiber, synthetic fiber, and so on. The polypropylene fiber is a kind of synthetic fiber. It is 
low-cost and alkali-resistant reinforcing material. The isotactic polypropylene with high 
molecular weight also contributes to obtain good fiber properties. The disadvantage of the 
polypropylene fiber is its relatively low elastic modulus. The reinforcement with a lower elastic 
modulus than the matrix decreases strength of the composite. The common polypropylene fiber 
has an elastic modulus from 1 to 8 GPa. However, the elastic modulus of the polypropylene fiber 
can be enhanced to 16 GPa or higher value (Mukhopadhyay et al. 2004; Chatterjee and Deopura 
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2006). Polypropylene FRC has been employed in many projects, such as bridge deck (Gao 
2012), concrete pavement (Khan and Ali 2018), and concrete lining of water tunnels (Behfarnia 
and Behravan 2014). 
 
1.4 Current research of fiber reinforced concrete crossties 
There have been previous studies conducted on applying various types of fibers in the 
concrete crosstie to improve its properties. Sadeghi et al. (2016) investigated the efficiency and 
practicability of using steel fibers in improvements of sleeper characteristics. It was found that 
flexural strength, cracking resistance, and energy absorption capacity of crossties were enhanced 
by incorporating steel fibers. Comparing to the traditional crosstie, the FRC crosstie with 0.5% 
steel fibers by volume has 2.7% more compression strength, 3.5% more energy absorption, and 
2% less construction costs. Parvez and Foster (2017) had a consistent conclusion that the crosstie 
with 0.5% steel fibers demonstrated extended fatigue life, lower deflections and finer crack 
widths than that of crossties without fibers. Ramezanianpour et al. (2013) performed experiments 
on polypropylene FRC specimens to investigate their durability, physical and mechanical 
characteristics. His research verified polypropylene FRC could be an appropriate material for 
crossties. The ideal amount of polypropylene fibers improved the durability of concrete and 
enhance tensile and flexural strength. However, no test was directly conducted on full-scale 
prestressed FRC crossties. Research was also conducted on the effect of polyethylene fibers on 
other properties of FRC crossties besides flexural strength. Shurpali et al. (2017) found that the 
abrasion resistance was significantly improved by steel fibers. Polypropylene fibers were less 




1.5 Motivation and objective 
This thesis discusses some of the experimental tests on FRC with various types of fiber 
samples, some of the flexural tests on full-scaled prestressing concrete crossties, and some of the 
numerical analysis of flexural performance of crossties. 
 Chapter 1 provides background including history of railroad crossties, problems in 
concrete crossties, polyethylene fiber reinforced concrete, and current research of 
fiber reinforced concrete crossties. 
 Chapter 2 evaluates performance of FRC with various fiber samples and different 
fiber volume fractions. Select the most suitable fiber sample for the following study. 
 Chapter 3 introduces flexural tests were conducted on FRC beams with various fiber 
volume fractions. The experimental data were collected for numerical study of 
flexural performance of FRC crossties. 
 Chapter 4 presents flexural performance of full-scaled prestressing PCC and FRC 
crossties in center negative bending test and rail seat positive bending test. Data in 
the flexural tests were obtained for the numerical analysis. 
 Chapter 5 explains how to use numerical method to predict flexural performance of 
full-scaled prestressing FRC crosstie in center negative bending test by conducting 




CHAPTER 2: PERFORMANCE TEST OF VARIOUS FIBER SAMPLES 
 
2.1 Introduction 
A testing program was undertaken to evaluate the performance of FRC specimens with 
various polyethylene fiber samples and different fiber volume fractions. Fiber samples, Strux® 
90/40 and Durastran®, were supplied by GCP Applied Technologies and Monahan Filaments, 
respectively. Six polyethylene fiber samples with different features were tested, which includes 
elastic modulus, surface texture, length, stiffness, and shape. The volume fraction of fibers in the 
testing program was determined as 0.3%, 0.5%, and 0.7% by the volume of concrete. The 
principal testing method for assessing the performance of FRC specimens was ASTM C1399 
“Standard Test Method for Obtaining Average Residual-Strength of Fiber-Reinforced Concrete”. 
Besides, elastic modulus of polyethylene fiber samples and compressive strength of FRC 
specimens were also determined by dynamic mechanical analysis (DMA) and compression test, 
respectively. Strux® 90/40 was selected as the reinforcement material in the following 
experiments based on the overall testing results. 
This chapter discusses performance of fresh FRC mixture and hardened FRC specimens 
with various polyethylene fiber samples and different fiber volume fractions. The objective is to 
evaluate performance of polyethylene fiber samples with different features in concrete matrix, 
from workability of fresh FRC mixture and compressive strength and average residual strength 







GCP Applied Technologies develops high-performance construction products, including 
fiber reinforcement materials. Strux 90/40 is a synthetic macro fiber reinforcement with high 
tensile strength, high elastic modulus, and low specific gravity. Comparing to steel fiber 
reinforcement, it is low-cost and alkali-resistant. Comparing to other synthetic fiber 
reinforcement, it is also easier to be uniformly distributed in the concrete matrix. It can be 
applied in concrete floor slabs, concrete pavements, and precast concrete structures. 
Monahan Filaments manufactures and distributes a complete line of synthetic fibers for 
use as reinforcement in cementitious materials. Durastran is a synthetic macro fiber 
reinforcement with high stiffness, crimped texture, and low specific gravity. It is safe and easy to 
use. Other three synthetic macro fiber samples with different treatments were also supplied by 
Monahan Filaments. These fiber samples are in the test stage. 
 
2.3 Laboratory experimentation 
2.3.1 Fiber samples 
Six synthetic macro fibers with different geometries, crimping, and surface texture are 
shown in Figure 2.1. Synthetic macro polypropylene fiber sample 1 in Figure 2.1(1) is Strux 
90/40 produced by GCP Applied Technologies. Other five polypropylene fiber samples in 
Figure2.1(2) ~ (6) were provided by Monahan Filaments. All six synthetic fibers are 
polypropylene fibers, but other features are different, including elastic modulus, surface texture, 
length, stiffness, and shape. Features and geometry details of polypropylene fiber samples are 




Figure 2.1 Photos of six synthetic fiber samples 
 






Length Stiffness Shape 
1 High Smooth Short Flexible Straight 
2 Low Crimped Short Rigid Straight 












Length Stiffness Shape 
4 Low Smooth Short Flexible Needle-like 
5 Low Crimped Long Rigid Straight 
6 Low Smooth Long Flexible Looped 
 









1 0.05550 0.00300 1.58080 215 
2 0.06160 0.01840 1.47200 74 
3 0.06110 0.01840 3.35950 178 
4 0.02115 0.01485 2.30450 230 
5 0.05965 0.01720 4.03400 223 
6 0.06300 0.01850 6.93500 360 
*The general aspect ratio is defined as the ratio of fiber length to equivalent diameter. 




2.3.2 Dynamic mechanical analysis (DMA) testing 
DMA is able to measure elastic modulus of plastic, including storage modulus and loss 
modulus, and is also able to determine glass transition temperature of plastic. DMA tests were 
performed on each fiber sample to obtain its elastic modulus. DMA 8000 was employed in this 
test as displayed in Figure 2.2. 
 
Figure 2.2 Fiber clamped in DMA 8000 
 
2.3.3 Materials and concrete mixture 
All FRC mixtures used the same base concrete mixture defined by the previous study 
(Lange 2013). The FRC mixture design is displayed in Table 2.3. The mixing procedure 
followed ASTM C192 (2016). Coarse and fine aggregates were added to the pan after the pan 
was dampened and loaded into the mixer. Half of the water was poured over the aggregate. After 
30 seconds mixing, cement was added to the stopped mixer. Mixing was resumed and the 
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remaining water was added to the pan through the grate on the top. The concrete was mixed for 2 
minutes followed by a 1-minute rest. Fibers were added into mixer followed by 2 minutes final 
mixing. After mixing was completed, the pan of fresh concrete was removed and testing 
specimens were prepared. 
 
Table 2.3 Mixture design of FRC 
Material Mixture proportions (in lb/yd3) 
Water-cement ratio 0.53 
Type I Portland cement 580 
Natural sand 1290 








*by volume of concrete 
 
2.3.4 Test specimens 
4” by 8” Cylinders for compression test were prepared following ASTM C192 (2016) 
and 4” by 4” by 14” flexure beams for four-point bending test were prepared following ASTM 
C1399 (2015). Numbers of replicates for each type of test specimens are displayed in Table 2.4. 
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The molds were oiled beforehand. The 4” by 8” cylinders were packed in three fills each 
with 25 tamps and 15 taps on the exterior of the mold. The 4” by 4” by 14” beams were packed 
in 2 fills with 30 tamps each. After being filled with fresh FRC mixture, all modes were vibrated 
on a vibrating table to ensure adequate consolidation. After being vibrated, all molds were struck 
off with a trowel and covered with plastic wrap. The molds were removed next day and test 
specimens were placed in a moist curing room for 28 days. 
 
Table 2.4 Numbers of replicates for each type of test specimens 
Fiber volume fraction 0 0.3% 0.5% 0.7% 
4” by 8” cylinders 3 3 3 3 
4” by 4” by 14” beams N/A 4 4 4 
 
2.3.5 Compression test 
Compression tests were performed on the 28 days cylinders following ASTM C39 
(2017). Steel end caps with rubber pads were placed on either end of the specimen. The 
specimen with the end caps was placed in the compression testing machine. The lower moving 
support was raised so the specimen was held in place at either end. The door of the testing 
machine was closed. The compression test was begun and performed at loading rate of 30,000 
pounds per minute. The test was continued until the specimen could not support any increasing 





2.3.6 Average residual strength testing 
Average residual strength tests were performed on the 28 days beams following ASTM 
C1399 (2015). FRC specimens were placed on a steel plate, together loaded on the four-point 
bending machine. For the initial loading, the test was stopped immediately when the first crack 
appeared. Steel plate was removed and the FRC specimen was reloaded on the four-point 
bending machine. Stress and displacement of the linear variable differential transformer (LVDT) 
were recorded as the machine was run in the displacement control mode.  
 
2.4 Results and discussion 
2.4.1 Elastic moduli of fiber samples 
Elastic moduli of polyethylene fiber samples are displayed in Table 2.5. Elastic modulus 
of Fiber sample 1 (STRUX 90/40) is very close to the value provided by the manufacture. Elastic 
moduli of fiber sample 2 to 6 (Monahan fibers) are lower than elastic modulus of fiber sample 1. 
All six synthetic fibers are polyethylene fibers. Due to different preparation technologies, fiber 
sample 1 has a relatively high elastic modulus. 
The elastic modulus of cementitious materials ranges from 15 to 30 GPa (Bentur and 
Mindess 2007). The polyethylene fiber that has a low elastic modulus can not increase the 
strength of the FRC. Theoretically, the incorporation of these fiber samples decreases the 







Table 2.5 Elastic moduli of fiber samples 








2.4.2 Workability of fresh FRC mixtures 
Fresh concrete mixture with fiber sample 1 or 2 has a good workability. As is displayed 
in Figure 2.3(a) and Figure 2.3(b), clumping and finishing issues were negligible even in the 
concrete with the largest fiber volume fraction. Fiber sample 1 and 2 are short fibers without 
crimping. Short and straight fibers are easier to be uniformly distributed in the concrete matrix. 
Fresh concrete mixture with fiber sample 3, 4, 5, or 6 has a poor workability. As is 
displayed in Figure 2.3(c) and Figure 2.3(d), fibers did not disperse well. Fiber sample 3,5 and 
6 are long fibers with different deformations. Fiber sample 4 is a type of needle-like fiber which 
is relatively flexible. Intertwined fibers clumped and decreased workability of fresh FRC 
mixture. Segregation and bleeding phenomena were also observed in these FRC mixtures. 
Ununiformly distributed fibers resulted in poor mechanical properties of FRC. This kind of FRC 
specimens can not be considered as homogeneous materials in the following study. 
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As is displayed in Figure 2.4, clumping and finishing issues exist in the mixing process 
due to the large aspect ratio and high stiffness of fibers. Fibers with large aspect ratio tangled 
easily, leading to the clumping issue. Fibers with high stiffness may lead to finishing issue. More 
efforts are needed to make the surface smooth. 
 
           
(a) Fiber sample 1                                             (b) Fiber sample 2 
 
           
(c) Fiber sample 3                                         (d) Fiber sample 4 




           
(a) Clumping issue                (b) Finishing issue 
Figure 2.4 Potential issues in the mixing process of FRC mixture 
 
2.4.3 Compressive strength 
Compressive strength of FRC specimens with different fiber samples and variable 
percentage of fiber volume is displayed in Figure 2.5. Compressive strength of the base concrete 
mixture (Vf = 0) was 5137 psi. The compressive strength of FRC decreased by about 5 to 20%. 
The reduction in compressive strength of FRC could be due to the inclusion of polyethylene 
fibers in the concrete matrix, which resulted in the weak interfacial transition zone, because of 
their low bond strength. Form broke in the C-S-H bond between the cement and the surrounding 
aggregates (Richardson 2006). Fiber sample 1 had the least effect on the reduction of 
compressive strength of concrete. The incorporation of fiber sample 5 led to the largest decrease 
in compressive strength due to the serious clumping issue. Long fibers were difficult to be 





Figure 2.5 Compressive strength of FRC specimens 
 
2.4.4 Average residual strength 
Average residual strength of FRC specimens with different polyethylene fiber samples 
and variable fiber volume fractions is displayed in Figure 2.6. The results were analyzed 
following ASTM C1399 (2015). For a given FRC mixture, the ARS value was the average value 
obtained from three specimens. Outliers were discarded. Individual test result is listed in 
Appendix A. 
A greater ARS value indicates a better post-crack performance of FRC. Results reveal 
ARS value increases as higher fiber volume fraction. Decrease in ARS value is only observed in 
FRC specimens with flexible and needle-like fiber sample 4. A serious clumping issue was 
observed in its mixing process. Fiber sample 1 performed as well as fiber sample 3 and fiber 
sample 6 in this test. FRC specimens with fiber sample 5 has the highest ARS value. Fiber 
sample 5 is the longest straight fiber. As the fiber length decreases, the reinforcing efficiency 
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decreases because a greater proportion of the discontinuous fiber is not fully loaded. Longer 
fibers outperform short fibers. ARS value of specimens with fiber sample 5 is much higher than 
ARS values of other FRC specimens. The possible reason is the length of fiber sample 5 is 
longer than the breadth or height of the beam mold. Most of fibers were aligned parallel to the 
longitudinal direction of the beam mold, which were fully effective in increasing flexural 
strength of FRC. Fibers aligned perpendicular to the direction of the applied stress have little or 
no effect in strengthening the FRC. 
 
 
Figure 2.6 Average residual strength of FRC specimens 
 
2.5 Conclusion 
Six polyethylene fiber samples with different elastic modulus, surface texture, length, 
stiffness, and shape were evaluated in this testing program. Fiber sample 1 had the largest elastic 
modulus and was the easiest to work with in the concrete matrix. Balling and clumping issues 
were observed in the mixing process of fresh FRC with fiber sample 3 to 6. Fiber sample 1 also 
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had the least effect on the reduction of compressive strength. Fiber sample 1 performed as well 
as fiber sample 3 and fiber sample 6 in the four-point bending test. FRC specimens with fiber 
sample 5 has the highest ARS value. 
Based on the overall testing results, FRC with fiber sample 1 (Strux 90/40) has the 
highest elastic modulus, the best workability, the least reduction in compressive strength, and a 





CHAPTER 3: MATERIAL CHARACTERIZATION OF FRC 
 
3.1 Introduction 
A series of FRC beams with various fiber volume fractions were cast to obtain flexural 
performance of FRC in four-point bending test following ASTM C1399 (2015). Experimental 
data were collected in this test. Strux 90/40 macro polyethylene fibers were selected as the 
reinforcement material. The fiber volume fractions in the experiment were determined as 0.5%, 
0.7%, 0.9%, and 1.1% by the volume of concrete. 
 
3.2 Laboratory experimentation 
3.2.1 Materials and concrete mixture 
A series of cylinder and beam specimens with different fiber volume fractions were cast, 
as displayed in Table 3.1. Cylinder and beam specimens were used for compression test and 
four-point bending test, respectively. Strux 90/40 macro polyethylene fibers were selected as the 
reinforcement material. Fiber volume fractions were determined as 0.5%, 0.7%, 0.9%, 1.1% by 
volume of concrete. The designed compressive strength of the base concrete mixture was 9000 
psi. The mixture design of the base concrete is displayed in Table 3.2. Mixing procedure is 






Table 3.1 Numbers of replicates for each type of test specimens 











Cylinder 3 3 3 3 3 
Beam N/A 6 6 6 6 
 
Table 3.2 Mixture design of base concrete 
Material Mixture proportions (in lb/yd3)  
w/c 0.36 
Type I Portland cement 678 
Class C fly ash 169 
Natural sand 891 
Coarse limestone 1755 
STRUX 90/40 fibers* 0.5% 0.7% 0.9% 1.1% 
 Chemical admixtures (in mL/yd3) 
Superplasticizer 770 




3.2.2 Compression test 
Compression test (load control) was performed on FRC cylinders to obtain their 
compressive strengths following ASTM C39 (2017). Testing procedure is introduced in the 
Chapter 2. 
 
3.2.3 Four-point bending test 
Four-point bending test was performed on FRC beams following ASTM C1609 (2012). 
Load-displacement curve of FRC beams were obtained in the displacement-controlled test. 
Testing procedure is introduced in the Chapter 2. 
 
3.3 Results 
3.3.1 Compression test 
28-day compressive strength of concrete cylinders with various fiber volume fractions are 
displayed in Figure 3.1. The designed compressive strength of base concrete mixture was 9000 
psi. The PCC mixture met the requirement. Compressive strength of FRC decreased by about 3 
to 20%. Compressive strength of FRC decreases with higher fiber volume fraction. Results were 
consistent with the statement in Chapter 2. 
 
3.3.2 Flexural test 
Flexural performance of FRC beams with various fiber volume fractions in four-point 
bending test is displayed in Figure 3.2. For a given fiber volume fraction, six load-displacement 
curves of FRC beams were plotted in one figure. One typical curve was selected from six curves 
to represent flexural performance of FRC. Unrepeatable curves were discarded. The objective of 
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this step was to exclude outliers and select a load-displacement curve of FRC which was the best 
possible representation of its flexural performance for a given fiber volume fraction. 
 
Figure 3.1 28-day compressive strength of concrete with various fiber volume 
fractions 
  
(a) Vf = 0.5% 
Figure 3.2 Flexural performance of FRC beams with different fiber volume fractions 
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Figure 3.2 cont. 
 
          (b) Vf = 0.7% 
 
  
(c) Vf = 0.9% 
25 
 
Figure 3.2 cont. 
 
(d) Vf = 1.1% 
 
3.4 Conclusion 
FRC with four fiber volume fractions (0.5%, 0.7%, 0.9%, 1.1%) were tested in 
compression test and four-point bending test. Compressive strength of FRC decreases with 
higher fiber volume fraction. FRC beams displayed good post-cracked performance. For a give 
fiber volume fraction, one typical load-displacement curve was selected from six experimental 




CHAPTER 4: FLEXURAL TEST ON PROTOTYPE CROSSTIES 
 
4.1 Introduction 
A testing program was undertaken to evaluate the flexural performance of prototype 
concrete railroad crossties. Full-scaled prestressed concrete crossties were cast by RailTEC 
researchers and staff at UIUC. Three prestressed plain cement concrete (PCC) crossties and three 
prestressed FRC crossties were prepared for center negative bending test and rail seat positive 
bending test. The crosstie was designed by L.B. Foster CXT Concrete Ties. The deformed high 
strength steel wire with a diameter of 5.32mm was pretensioned in the formwork. The base 
concrete mixture with a designed compressive strength of 8000 psi was supplied by the 
manufacture. Strux 90/40 macro polyethylene fibers were used as the reinforcement material and 
the fiber volume fraction in this study was 0.7% by the volume of concrete. A series of cylinders 
and beams were cast at the same time for compression test, modulus of rupture test, and average 
residual strength test. 
Center negative bending test and rail seat positive bending test were performed on full-
scaled prestressed PCC and FRC crossties. Load-displacement curves were obtained in the 
flexural tests. Meantime, fracture patterns of crossties in the flexural tests were also recorded. In 
the center negative bending test, a long diagonal crack due to shear stress, and crushing on the 
top of crosstie due to compressive stress were observed on the PCC crosstie. Only a small 
vertical crack due to tensile stress was observed in the middle of the FRC crosstie’s bottom. In 
the rail seat positive bending test, a diagonal crack due to shear stress was observed on the PCC 
crosstie. Only spalling was observed at the same place of FRC crosstie. 
27 
 
This chapter discusses flexural performance of full-scaled prestressed PCC and FRC 
crossties in center negative bending test and rail seat positive bending test. Prototype prestressed 
crossties were cast and tested. Test specimens were prepared for quality control. The objective is 
to compare the flexural performance of PCC crossties and FRC crossties in flexural tests. 
Confirm the prestressed FRC crosstie has a higher fracture toughness and performs better at a 
higher deflection. Collect data of the FRC crosstie in the center negative bending test, which can 
be used as experimental results in the following numerical study. 
 
4.2 Laboratory experimentation 
Three full-scaled prestressed PCC crossties were cast as control group and three full-
scaled prestressed FRC crossties were cast as experimental group. Test cylinders and beams were 
cast for quality control at the same time. Center negative bending test and rail seat positive 
bending test were conducted on the prototype concrete railroad crossties to evaluate their flexural 
performance. 
 
4.2.1 Preparation of prototype railroad crossties 
The railroad crosstie was designed by L.B. Foster CXT Concrete Ties and the geometry 
of the crosstie is displayed in Figure 4.1. The technical data of CXT 100 series are displayed in 
Table 4.1. The deformed high strength steel wire with a diameter of 5.32mm was used. Wires 
were required to be tensioned to 7 kips. The designed compressive strength of base concrete 
mixture was 8000 psi. The base concrete mixture was designed following Quadrel Mix Book by 
Digital Site Systems, Inc., as is displayed in Figure 4.2. The slump of the base concrete mixture 
was 7.5 inches. For FRC mixture, an additional 11 lb/yd3 (0.7% by volume of concrete) Strux 
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90/40 polyethylene fibers were added into the base concrete mixture. The slump of FRC mixture 
was 1.75 inches initially. Additional superplasticizer was added to increase workability of the 










Table 4.1 Technical data of prototype crosstie 
Specifications Value 
Design Weight 610 lbs 
Length 8’3” 
Flexural Strength 
Railseat positive 278 in-kips 
Center negative 153 in-kips 
Concrete 
7,000 psi minimum 28-day compressive 
strength with air entrainment 




Figure 4.2 Mixture design of base concrete mixture 
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Steel wires were placed in the designed position and were tensioned. Load cells were 
installed to recoded prestressing forces. Pressing forces are displayed in Table 4.2. All 
formworks were filled with ready mix concrete. Concrete was vibrated by a concrete handy 
vibrator. The vibration time should be long enough to make concrete and fibers distribute 
uniformly, but air content may not meet requirement if the vibration time was too long. After 
being vibrated, all crossties were struck off with a trowel and covered with plastic wrap. 
Crossties covered by plastic wrap were cured in the formworks for 5 days. Exposed steel wires 
can be cut when concrete strength reached 5000 psi. Formworks were removed and concrete 
crossties were cured in the room temperature and moisture. Photos of manufacture process of 
crossties are displayed in Figure 4.3. 
 
Table 4.2 Pressing force of each steel wire 
Formwork Tie Number 1 2 3 4 5 6 
Prestressing force (kips) 6.28 6.02 5.50 5.37 5.51 6.04 
*Crosstie 4, 5, and 6 are FRC crossties. 
       
(a) Prestressing steel wires                                   (b) Casting concrete 
Figure 4.3 Manufacture process of crossties 
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Figure 4.3 cont. 
 
    
(c) Cutting off extra exposing wires                (d) Finished products of crossties 
 
 
4.2.2 Test specimens 
A series of test specimens were cast for quality control by using the same batch of 
concrete. 6” by 12” cylinders were cast for compression test following ASTM C39 (2017). 6” by 
6” by 21” beams were cast for modulus of rupture (MOR) test following ASTM C78 (2018). 4” 
by 4” by 14” FRC beams were cast for average residual strength test following ASTM C1399 
(2015). Numbers of replicates for each type of testing are displayed in Table 4.3. Preparation 








Table 4.3 Numbers of replicates for each type of test specimens 
 PCC FRC 
Compressive strength testing 12 12 
Modulus of rupture testing 1 1 
Average residual strength testing 0 4 
 
 
Figure 4.4 Preparation process of test specimens for quality control 
 
4.2.3 Center negative bending test 
Center negative bending test was performed on railroad crossties to obtain their flexural 
performance following AREMA Chapter 30 (Ties) Centre Negative (C-) Bending Test (2.2.3) 
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(2014). The testing configuration is displayed in Figure 4.5 and Figure 4.6. Crossties were 
supported and loaded to a four-point bending setup. The flexural performance was obtained in 
displacement control test. The protocol was developed by RailTEC researchers at UIUC (2018).  
 
Figure 4.5 Sketch of testing schematic for center negative bending test 
 
 
Figure 4.6 Photo of center negative bending test performed on a crosstie 
4.2.4 Rail seat positive bending test 
Rail seat positive bending test was performed on railroad crossties to obtain their flexural 
performance following AREMA Chapter 30 (Ties) Rail Seat Positive (R+) Bending Test (2014). 
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The testing configuration is displayed in Figure 4.7 and Figure 4.8. Crossties were supported 
and loaded to a four-point-bending setup. The flexural performance was obtained in 
displacement control test. The protocol was developed by RailTEC researchers at UIUC (2018). 
 
Figure 4.7 Sketch of testing schematic for rail seat positive bending test 
 
 






4.3 Results and discussion 
4.3.1 Test specimens 
Properties of fresh concrete mixture and hardened test specimens are displayed in Table 
4.4. The inclusion of polyethylene fibers dramatically decreased workability of concrete. The 
slump of the base concrete mixture was 7.5 inch. The slump dropped to 1.75 inch after 11 lb/yd3 
(0.70% by volume of concrete) Strux 90/40 polyethylene fibers were added. The fresh FRC 
mixture became difficult to flow. In order to increase its workability, additional superplasticizer 
was added into the fresh FRC mixture until its slump reached 3 inches. The inclusion of 
polyethylene fibers decreased the unit weight of concrete. The specific gravity of polyethylene 
fibers (0.92) is much lower than the specific gravity of the base concrete mixture (2.4). Thus, the 
unit weight of FRC mixture became lighter. The value of modulus of rupture (MOR) of FRC 
specimens was slightly higher than that of PCC specimens. FRC should have a higher MOR 
value because fibers that bridge the cracks formed in concrete contribute to the energy 
dissipation through processes of debonding and pull-out (Balaguru and Shah 1992). Load-
displacement curves of FRC beams in four-point bending test following ASTM C1399 are 
displayed in Figure 4.9. The curves were not very repeatable due to unevenly distribution of 
fibers. The value of average residual strength of FRC specimens (Vf = 0.7%) was acceptable, 
based on the technical data sheet from fiber manufacture and results from Payrow et al. (2011). 
The high average residual strength of FRC specimens indicated prototype FRC crosstie should 
have a good flexural performance once the concrete has cracked. 
Compressive strength of PCC and FRC specimens is displayed in Figure 4.10. 
Compressive strength of both PCC and FRC specimens reached 5000 psi at the 5th day, which 
meets the requirements for cutting off extra exposed prestressing wires. Compressive strength of 
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both PCC and FRC specimens reached 8000 psi at the 28th day, which meets the 28-day 
minimum compressive strength. From the 1st day to the 28th day, the compressive strength of 
PCC specimens was higher than that of FRC specimens. As is mention in the Chapter 2, the 
weak interfacial transition zone and low bond strength between polyethylene fiber, cement, and 
aggregates resulted in decrease in compressive strength. Fracture patterns of test cylinders in 
compression test were displayed in Figure 4.11. In load-controlled compression test, PCC 
cylinders crushed into several pieces. It occurred through some combination of shear and tensile 
forces. FRC cylinder remained in a whole piece but multiple longitudinal or shear cracks 
appeared throughout the specimen.  
 
Table 4.4 Properties of fresh concrete mixture and hardened test specimens 
Material properties Concrete FRC 
Slump [in.] 7.5 3.0 
Unit weight [lb/ft3] 151.2 149.6 
Modulus of rupture [psi] 997 1070 





Figure 4.9 Four-point bending test on FRC beams following ASTM C1399 
 
 
Figure 4.10 Compressive strength of PCC and FRC specimens 
38 
 
      
(a) PCC                                                               (b) FRC 
Figure 4.11 Fracture patterns of test cylinders in compression test 
 
4.3.2 Center negative bending test 
Load-displacement curves of prestressed PCC and FRC crossties in center negative 
bending test were obtained and displayed in Figure 4.12. Test was run in displacement control to 
truly be able to capture post-peak behavior. Pop was assumed to be breaking of wire. In the 
initial loading stage, PCC and FRC crossties had almost same elastic modulus, first cracking 
strength, and ultimate load strength. Load in PCC crosstie dramatically dropped as the crosstie 
failed. However, the FRC crosstie remained post crack strength at a larger displacement. As 
displacement increases, load gradually dropped along with the breaking of steel wires. Thus, the 
FRC crosstie had a higher fracture toughness, which means higher structural capacity. Post 
cracking ductility is necessary for railway crosstie industry. It provides enough time for 




Figure 4.12 Center negative bending test on prestressed PCC and FRC crossties 
 
Fracture patterns of prestressed PCC and FRC crossties in center negative bending test 
are displayed in Figure 4.13. A long diagonal crack appeared in PCC crosstie in center negative 
bending test due to shear stress. Concrete on the top of the PCC crosstie was crushed due to 
compression stress. This failure type is typical for normal prestressed crossties in center native 
bending test, which is also found in other crosstie designs (RailTEC 2018). Failure pattern of 
Amtrak CT-10 and Rocla 101L were displayed in Figure 4.14. A small vertical crack was 
observed in FRC crosstie after performing center negative bending test. The failure mode was 
tensile stress. Fracture energy was absorbed through pull-out of fiber mechanism. Unlike the 




(a) PCC crosstie 
 
(b) FRC crosstie 
Figure 4.13 Fracture patterns of PCC and FRC crossties in center negative bending 
test 
 
       
(a) Amtrak CT-10                                               (b) Rocla 101L 
Figure 4.14 Fracture patterns of other crosstie designs in center negative bending 
test (RailTEC 2018) 
 
4.3.3 Rail seat positive bending test 
Load-displacement curves of prestressed PCC and FRC crossties in rail seat positive 
bending test were obtained and displayed in Figure 4.15. The PCC crosstie and the FRC crosstie 
had similar flexural performance at the initial loading stage, which means they had almost same 
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elastic modulus and first cracking strength. After the crosstie failed, load dramatically dropped in 
the PCC crosstie, however, load dropped in a lower rate and finally kept in a constant value in 
the FRC crosstie. 
 
 
Figure 4.15 Rail seat positive bending test on PCC and FRC crossties 
 
Fracture patterns of prestressed PCC and FRC crossties in rail seat positive bending test 
are displayed in Figure 4.16. A diagonal crack was observed on the PCC crosstie and the failure 
mode was shear stress. Shear is a typical failure mode for normal prestressed crossties in rail seat 
positive bending test, which is also found in other crosstie designs (RailTEC 2018). Fracture 
patterns of Amtrak CT-10 and Rocla 101L in rail seat positive bending test are displayed in 
Figure 4.17. Comparing to the PCC crosstie, the FRC crosstie didn’t break into two pieces. 
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Concrete of crosstie surface spalled along the fraction pattern where the maximum shear stress 
was. 
 
   
(a) PCC crosstie                                       (b) FRC crosstie 
Figure 4.16 Fracture patterns of PCC and FRC crossties in rail seat positive 
bending test 
 
   
(a) Amtrak CT-10                                                 (b) Rocla 101L 
Figure 4.17 Fracture patterns of other crosstie designs in rail seat positive bending 






A testing program was undertaken to evaluate flexural performance of prototype concrete 
crossties. Three prestressed PCC crossties and three prestressed FRC crossties were cast for 
center negative bending test and rail seat positive bending test. Comparing to the base concrete 
mixture, FRC mixture had a lower slump, a lower unit weight, a higher MOR value and a lower 
compressive strength. The ARS value of FRC beams was also acceptable. 
Flexural tests were performed on the full-scaled prestressed PCC crossties and FRC 
crossties. In center negative bending test, PCC and FRC crossties had similar initial loading 
curves. Load in the PCC crosstie dramatically dropped as the crosstie failed. Load in the FRC 
crosstie gradually dropped after the ultimate load was reached. A long diagonal crack due to 
shear stress and crushing due to compression stress were found on the PCC crosstie. A small 
vertical crack due to tensile stress was found on the FRC crosstie. Unlike the PCC crosstie, the 
FRC crosstie didn’t break into two pieces in center negative bending test. In rail seat positive 
bending test, the PCC crosstie and the FRC crosstie had similar flexural performance at the 
initial loading stage. Load in the PCC crosstie dramatically dropped after the crosstie failed. 
Load in the FRC crosstie dropped in a lower rate and finally kept in a constant value after the 
ultimate load was reached. A diagonal crack due to shear stress was found on the PCC crosstie. 
Only spalling was found at the same place of the FRC crosstie. 
Overall, the full-scaled prestressed FRC crosstie had better flexural performance in center 
negative bending test and rail seat positive bending test. The prestressed FRC crosstie had a 
higher fracture toughness at a larger deflection. A greater residual structural capacity means 
more time can be applied on maintenance and rehabilitation work of cracked crossties. 
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CHAPTER 5: NUMERICAL PREDICTION OF FLEXURAL PERFORMANCE OF 
PROTOTYPE RAILROAD CROSSTIES 
 
5.1 Introduction 
A numerical modeling was developed to simulate flexural performance of full-scaled 
prestressed FRC crossties with various fiber volume fractions in center negative bending test. In 
this study, FRC with high fiber volume fraction can be considered as homogenous material when 
isotropic polyethylene fibers were uniformly distributed in the concrete matrix (Kang 2011). 
Materials element modeling was built based on experimental results of flexural performance of 
FRC beams with various fiber volume fractions in four-point bending test introduced in Chapter 
2. This materials element modeling can represent unique mechanical properties of FRC based on 
its flexural performance. The materials element modeling was input into established structural 
member modeling of prototype prestressed FRC crosstie. Flexural performance of full-scale 
prestressed FRC crossties with different fiber volume fractions in the center negative bending 
test can be simulated by running the structural member modeling in Abaqus. 
This chapter discusses how to use numerical method to predict flexural performance of 
prototype prestressed FRC crosstie in center negative bending test. For a given fiber type and 
fiber volume fraction, simulation in an established structural member modeling can be simplified 
by changing materials element modeling. The objective is to obtain flexural performance of 
prototype prestressed crossties by conducting simple four-point bending test on small FRC 
beams instead of complicated center negative bending test on full-scale prestressed FRC crosstie 





Abaqus was used to predict flexural performance of prototype FRC crossties with 
different fiber volume fractions. FRC can be considered as a new material with unique 
mechanical properties. As is mentioned in Chapter 2, flexural performances of FRC beams with 
different fiber volume fractions in four-point bending configuration (ASTM C1609) were 
conducted. Numerical predictions of flexural performance of FRC beams were obtained based on 
these experimental results. A materials element modeling of FRC was built to represent its 
unique mechanical properties. The materials element modeling was input into an established 
structural member modeling of the prototype prestressed PCC crosstie. Numerical predictions of 
flexural performance of prototype FRC crossties were obtained after running the program in 
Abaqus. Through matching the simulation curve with the experimental curve, the structural 
member modeling of prototype FRC crosstie was calibrated and validated. Flexural performance 
of FRC crossties with any other fiber volume fractions can be predicted with this structural 
member modeling.  
 
5.3 Numerical model 
5.3.1 Materials element modeling 
Material behaviors were defined using elastic and concrete damaged plasticity (CDP) in 
the “Property” module in Abaqus. In the elastic stage, Young’s modulus and Poisson’s ratio were 
determined were set to 5.2 × 106 psi and 0.2, respectively. In the CDP stage, plasticity, 
compressive behavior, and tensile behavior were determined. The values of the plasticity 
parameters including dilation angle (Ψ), eccentricity (e), fb0/fc0, K, and viscosity parameter (μ) 
were set to 15°, 0.1, 1.987, 0.701, and 0.0005, respectively (Chi et al. 2017). Polypropylene 
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fibers have little effect on compressive behavior of concrete cylinders. Compressive behavior of 
FRC was assumed to be same as that of PCC. Compressive behavior obtained from PCC 
cylinders were used in CDP (RailTEC 2018). Tensile behavior was obtained by inverse analysis 
initially (Baby 2012). The stress-strain curve of tensile behavior of FRC beams was calculated 
from load-displacement curve of FRC in four-point bending test. The first cracking stress and 
corresponding strain were input. The post-crack stress and corresponding strain were also input. 
In the “Load” module, the uniformly distributed load controlled by displacement were 
applied on the top of beams. In the “Mesh” module, Eight-node brick element with reduced 
integration (C3D8R) was used to represent the specimen in the materials element modeling. 
A numerical prediction of load-displacement curve of FRC beams in four-point bending 
test was obtained after running the program in Abaqus. Plotted the simulation curve and the 
experimental curve in one figure. Deviation between two curves existed. Adjusted the first 
cracking stress or post-crack stress. Through iteration method, tensile behavior was continually 
adjusted until simulation curve matched with experimental curve. The materials element 
modeling was completed, and the “Property” module can be used in the structural member 
modeling. 
 
5.3.2 Structural member modeling 
The structural member modeling of prototype crosstie was developed by RailTEC 
researchers at UIUC (RailTEC 2018). The prototype prestressed railroad crosstie was remodeled 
in the finite element (FE) analysis framework. The Quarter of the full tie was modeled in Abaqus 
using symmetry, as is displayed in Figure 5.1. The materials element modeling was input and 
used as materials properties of FRC in the prototype crossties modeling. Elasto-plastic model 
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was used as materials properties of the prestressing wires in the prototype crossties modeling. In 
Mesh module, 8-node C3D8 was used in FRC and 1D truss element which was embedded to the 
concrete was used in prestressing wires. 
 
Figure 5.1 Loading and boundary condition of prototype crosstie (RailTEC 2018) 
 
5.4 Results and discussion 
5.4.1 Materials element modeling 
Through Abaqus program, numerical prediction of load-displacement curve of FRC 
beams in four-point bending test was obtained, as is plotted in Figure 5.2. The elastic modulus 
was set to 5.2 × 106 psi. The Poisson’s ratio was set to 0.2. Tensile behavior was adjusted by 
iteration method in order to match the simulation curve with the experimental curve. 
Compressive behavior of PCC is displayed in Figure 5.3(a) (RailTEC 2018). Tensile behavior of 
FRC with different fiber volume fractions is displayed in Figure 5.3(b). Elastic modulus, 
Poisson’s ratio, and first cracking tensile strength of FRC with different fiber volume fractions 
were almost same. Post-crack tensile strength was different. Higher fiber volume fraction 





(a) Vf = 0.5% 
 
 (b) Vf = 0.7% 




Figure 5.2 cont. 
  
(c) Vf = 0.9% 
 
 




(a) Compressive behavior of PCC 
 
         (b) Tensile behavior of FRC 
Figure 5.3 Compressive behavior and tensile behavior concrete specimens 
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5.4.2 Structural member modeling 
Materials element model was input into the structural member modeling of prototype 
crosstie. After running the program in Abaqus, load-displacement curves of prestressed PCC and 
FRC crossties in center negative bending test were obtained, as is displayed in Figure 5.4. 
Simulation curves and experimental curves have a good match before concrete cracking. 
Deviation existed in the ultimate load between the simulation curve and the experimental curve. 
For the FRC crosstie, the simulation curve can not extend further after concrete cracking because 
of some convergence issues. The tensile behavior of FRC can be refined to solve the 
convergence problem. However, this problem went beyond the scope of the topic and will not be 
discussed further in this thesis. 
 
Figure 5.4 Comparison of load-displacement curves of PCC and FRC crossties 
























Numerical predictions of flexural performance of FRC prototype crossties with other 
fiber volume fractions are displayed in Figure 5.5. Input materials element modeling of FRC 
with other fiber volume fractions. Flexural performance of FRC crossties with various fiber 
volume fractions in center negative bending test can be predicted. Usually, center negative 
bending test on the full-scaled prestressed crossties is time consuming and costly. It is not 
practical to test a lot of full-scaled prestressed crossties with various fiber volume fractions. The 
combination of simple flexural test on FRC beams and numerical predication successfully solves 
this problem. 
 
(a) Fiber volume fraction = 0.5% 





















Center Negative Test (Fiber Volume = 8 lb/yd3)
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Figure 5.5 cont. 
 
     (b) Fiber volume fraction = 0.9% 
 
5.5 Conclusion 
Materials element modeling was built in Abaqus to describe mechanical properties of 
FRC. The modeling was validated and calibrated until the simulation curve matched with the 
experimental curve. The materials element modeling of FRC with fiber volume fraction of 0.7% 
was input into an established structural member modeling of prototype prestressed crossties. The 
numerical prediction of flexural performance of prototype prestressed FRC crossties with fiber 
volume fraction of 0.7% in center negative bending test was obtained. The simulation curve and 
the experimental curve had a good match, but some convergence issues still existed. Similarly, 
materials element modeling of FRC with other fiber volume fractions was input into the 
established structural member modeling and corresponding flexural performance of prototype 

















Center Negative Test (Fiber Volume = 14lb/yd3)
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CHAPTER 6: CONCLUSIONS 
 
The objective of this research was to improve residual structural capacity of cracked 
concrete railroad crossties by using polypropylene fibers. The reinforcement material was 
selected among six types of polypropylene fibers. Flexural tests were conducted on the full-
scaled prestressed crossties to obtain experimental results. Numerical method was used to predict 
flexural performance of crossties in center negative bending test. Conclusions of each chapter are 
summarized below: 
Chapter 1 introduced the center negative flexural cracking was regarded as a serious 
failure mode in concrete railroad crossties. The cracking led to deterioration of prestressed 
crossties and reduction in structural capacity of crossties. The incorporation of polypropylene 
fibers altered the flexural behavior of FRC crossties once the concrete has cracked. It also 
increased fracture toughness, cracking resistance, and energy absorption capacity of the 
composite. Additionally, the service life was extended and the maintenance cost was decreased. 
Chapter 2 presented six polyethylene fiber samples with different elastic modulus, 
surface texture, length, stiffness, and shape were evaluated by DMA test, compression test, and 
ARS test. Concrete mixture with Strux 90/40 macro polyethylene fibers had the best workability. 
Balling and clumping issues were not observed in the mixing process of fresh FRC with Strux 
90/40 fibers. Strux 90/40 fibers had the largest elastic modulus and also had the least effect on 
the reduction of compressive strength. Several issues and negative effects were found in the 
concrete mixture with other fiber samples. Therefore, Strux 90/40 macro polyethylene fibers 
were selected as the reinforcing material in the following study. 
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Chapter 3 introduced two tests to obtain material characterization of FRC with various 
fiber volume fractions. Compression test was conducted on FRC cylinders. It was found that the 
compressive strength of FRC decreases with higher fiber volume fraction. Four-point bending 
test was conducted on FRC beams to obtain their flexural performance. The experimental results 
were collected for numerical study of flexural performance of FRC crossties. The data was used 
for validating the numerical results. 
Chapter 4 described a testing program to evaluate flexural performance of full-scaled 
prestressed PCC crossties and prestressed FRC crossties in flexural tests. In center negative 
bending test, the PCC crosstie and the FRC crosstie had a similar flexural performance at the 
initial loading stage. Load in the PCC crosstie dramatically dropped after the crosstie failed, 
however, load in the FRC crosstie gradually dropped after the ultimate load was reached. A long 
diagonal crack due to shear stress and crushing due to compression stress were found on the PCC 
crosstie. A small vertical crack due to tensile stress was found on the FRC crosstie. Unlike the 
PCC crosstie, the FRC crosstie didn’t break into two pieces. In rail seat positive bending test, 
initial loading curves of PCC and FRC crossties were also similar. Load in the PCC crosstie 
dramatically dropped after the crosstie failed, however, load in the FRC crosstie dropped in a 
lower rate and finally kept in a constant value after the ultimate load was reached. A diagonal 
crack due to shear stress was found on the PCC crosstie. Only spalling was found at the same 
place of the FRC crosstie. The prestressing FRC crosstie had a higher fracture toughness at 
greater deflection, which contributes to maintenance and restoration of cracked concrete 
crossties. 
Chapter 5 provided a numerical method to predict flexural performance of full-scaled 
prestressed FRC crossties in center negative bending test. Instead of complicated and time-
56 
 
consuming center negative bending test on prototype concrete crossties, experimental data were 
obtained from small FRC beams with the same fiber volume fraction in four-point bending test. 
Based on the experimental results, materials element modeling was built in Abaqus to represent 
mechanical properties of FRC. The modeling was validated and calibrated until the simulation 
curve matched with the experimental curve. To predict flexural performance of prestressed FRC 
crosstie with a fiber volume fraction of 0.7% in center negative bending test, the materials 
element modeling of FRC with the same fiber volume fraction was input into an established 
structural member modeling of prototype crossties. The simulation curve and the experimental 
curve had a good match, but some convergence issues still existed. The materials element 
modeling can be easily built from a simple four-point bending test on a small FRC beam. The 
flexural performance of prototype prestressed FRC crossties with other fiber volume fractions 
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APPENDIX A: AVERAGE RESIDUAL STRENGTH OF FRC SPECIMENS 
 
The individual test result of the average residual strength for FRC specimens is listed in 
Table A.1. 
 
Table A.1 The average residual strength of FRC specimens 
Fiber sample Beam Number 
Average residual strength (psi) of FRC specimens with 
various fiber volume fractions 
0.3% 0.5% 0.7% 
1 
1 158 177 363 
2 102 204 389 
3 147 268 293 
Average 135.7 216.3 348.3 
2 
1 97.8 214.0 195.7 
2 121.2 165.7 257.2 
3 115.8 76.4 301.1 
4 167.6 76.4 221.9 
Average 125.6 133.1 244.0 
3 
1 215.0 373.5 324.0 
2 250.9 249.0 532.7 
3 233.5 235.9 329.3 
4 153.1 542.0 N/A 




Table A.1 Cont. 
 
Fiber sample Beam Number 
Average residual strength (psi) of FRC specimens with 
various fiber volume fractions 
0.3% 0.5% 0.7% 
4 
1 262.4 157.5 124.5 
2 155.4 174.3 169.4 
3 111.2 256.8 196.1 
4 162.7 297.3 145.0 
Average 172.9 221.5 158.8 
5 
1 409.0 458.8 762.6 
2 282.3 460.9 510.7 
3 369.2 620.4 515.8 
4 559.0 N/A 808.6 
Average 404.9 513.4 649.4 
6 
1 275.9 418.0 486.7 
2 245.9 187.7 358.1 
3 117.6 N/A N/A 





APPENDIX B: DESIGN DRAWING OF CXT CONCRETE TIES 
 
 
